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The aims of the present study were {7) to evaluate whether individ¬ 
ual aldehydes resulting from lipid peroxidation can be measured in 
exhaled breath condensate, (2) to assess the influence of sampling 
procedures on aldehyde concentrations, and (3) to compare alde¬ 
hyde levels of patients with stable, moderate to severe, chronic ob¬ 
structive pulmonary disease with those of smoking and nonsmoking 
control subjects. Aldehydes (matondiatdehyde, hexanai, heptanal, 
and nonanal) were measured by liquid chromatography-tandem 
mass spectrometry in ail samples and overlapping results were ob¬ 
tained by different sampling procedures. MaJondialdehyde (57.2 ± 
2.4 nmol/L), hexanai (dS.S ± 4.4 nmol/L), and heptanal (26.6 ± 3.9 
nmol/L) were increased In patients as compared with nonsmoking 
control subjects (17.7 ± 5.5 nmol/L, p < 0.0001; 14.2 ± 3.5 nmoI/L, 
p = 0.004; and 18.7 ±. 0.9 nmoi/L, p = 0.002, respectively). Only 
malondlaldehyde was increased in patients compared with smoking 
control subjects (35.6 ± 4.0 nmol/L, P = 0.0007). In conclusion, 
different classes of aldehydes were identified in exhaled breath 
condensate of humans. Whereas ail aldehydes but nonanal were 
tower in control subjects as compared with other groups, only ma- 
londialdehyde distinguished smoking control subjects from patients 
with chronic obstructive pulmonary disease and could be envisaged 
as a biomarker potentially useful to monitor the disease and its 
response to therapy. 

Keywords; aldehydes; biomarkars; COPD; exhaled breath condensate; 
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Oxidative stress is enhanced in patients with chronic obstruc¬ 
tive pulmonary disease (COPD), because of free radicals in 
tobacco smoke and reactive oxygen species (ROS) produced 
by activated inflammatory cells (1,2). 

Reliable and noninvasive methods to assess oxidative 
stress might be useful to identify smokers at a greater risk of 
developing COPD and might shed new light on its natural 
history, thus providing a rationale for the assessment of con¬ 
ventional therapies (3) and for the development of novel 
drugs (4). 

Exhaled breath condensate (EEC) obtained by cooling 
exhaled air during spontaneous breathing is a biological 
matrix that could provide a direct assessment of pulmonary 
pathobiology (5, 6). Biomarkers of oxidative stress are in- 
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creased in the EBC of patients with COPD (7-10). However, 
the validity of EBC seems to be questionable because of 
analytical problems associated with the use of immunochemi¬ 
cal and colorimetric assays affected by poor sensitivity, speci¬ 
ficity, and selectivity. Moreover, there is a need to assess the 
influence of sampling procedures on EBC biomarkers, before 
their clinical application (11)- 

Among the mechanisms of ROS damage, lipid peroxida¬ 
tion is probably the most extensively investigated process. 
Oxidation of cell membrane phospholipids produces a chain 
reaction, the targets of which are the polyunsaturated fatty 
adds, and results in the formation of unstable lipid hydroper¬ 
oxides and of secondary carbonyl compounds, such as alde- 
hydic products (12). Among these, malondialdehyde (MDA) 
is the most frequently reported in the literature. MDA can 
be measured as a thiobarbituric acid-reactive substance in 
EBC (13), which is increased in patients with climcaUy stable 
COPD (14). This colorimetric assay has been criticized be¬ 
cause of its lack of specifldty and because thiobarbituric acid- 
reactive substances are formed during sample preparation 
(15). Therefore, more specific analytical methods must be 
used to provide evidence of validity of such biomarkers in 
EBC. Besides MDA, which is generated mainly by atachidonic 
acid and docosahexenoic acid, other aldehydes are produced 
during lipid peroxidation: a,3-unsaturated aldehydes, namely 
4-hydroxy nonenal and 4-hydroxyhexenal, are formed by per¬ 
oxidation of m-6 (e.g., arachidonic and linoleic acid) and 
<0-3 polyunsaturated fatty acids (e.g,, oleic acid); saturated 
aldehydes (hexanai, heptanal, and nonanal) are known to be 
breakdown products of oxidized linoleic and arachidonic, 
palmitoleic, and oleic acid, respectively (15, 16). 

In this study, we set up a new analytical method for the 
simultaneous determination of different classes of aldehydes 
in EBC, using liquid chromatography-tandem mass spec¬ 
trometry, which is considered to be a reference technique to 
analyze organic compounds in aqueous matrices (17), The 
aim of the study was ( 1 ) to apply liquid chromatography- 
tandem mass spectrometry for the identification and quan¬ 
tification of different classes of aldehydes in EBC, (2) to 
evaluate the influence of EBC-sampling procedures on EBC 
aldehyde levels, and (5) to verify whether patients with 
COPD exhale more aldehydes than do smoking and non¬ 
smoking control subjects. 

METHODS 

Subjects 

Twenty patients with stable, moderate to severe COPD (18 men and 
2 women; mean age, 63-3 ± 14.6 years), 12 smoking control subjects 
(9 men and 3 women; mean age, 41.7 ± 13.9 years), and 20 nonsmoking 
control subjects (17 men and 3 women; mean age, 55.0 ± 6.0 years) 
were enrolled. All the patients with COPD met the Global Initiative for 
Chronic Obstructive Lung Disease criteria for the diagnosis of COPD 
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(IS). Patients with COPD (baseline FEV^, 52-1 ± 20.1% of predicted) 
had fixed airflow obstruction, which was defined as postbronchodiiator 
FEVj/FVe < 70%. None was receiving inhaled steroids for 6 weeks 
before testing, nor was receiving intravenousforal corticosteroids for at 
least 6 months before the EBC collection. Seven were current smokers 
(51.4 ± 41,2 pack-years) and 13 were ex-smokers (3l.fi ± 18.3 pack- 
years). Asymptomatic smoking control subjects (FEVi» 100.6 ± 22,0% 
of predicted; smoking history, 20.0 ± 21.2 pack-years) were recruited. 
Control subjects were defined as self-reported life-long nonsmoking 
individuals without a significant history of respiratory diseases and with 
normal spirometry, the mean baseline FEVj being 96.2 ± 9.7% of 
predicted. 

The study has been approved by University of Illinois at Chicago 
Institutional Review Board. 

Exhaled Breath Condensate Collection 

EBC was collected with a simple apparatus described previously (5,19). 
Briefly, subjects sitting comfortably in the laboratory performed re¬ 
peated slow vita! capacities into a Tygon tube (Nalgene 890 FEP tubing; 
Nalge Nunc International, Naperville, IL) immersed in thawing ice. 
Subjects did not wear nose clips. EBC samples were snap-frozen in 
liquid nitrogen before being stored at —80®C in polypropylene vial 
tubes until analytical determinations. EBC from smokers was collected 
at least 8 hours after refraining from cigarette smoking. 

In this study we ascertained the contamination of saliva in BBC 
through the colorimetric detection of a-amylase (Infinity amylase re¬ 
agent; Sigma, St, Louis, MO). 

Aldehyde Determinations 

Chemicals and reagents. MDA tetrabutylammonium salt (purity, 98%) 
was purchased from Fluka (Sigma-Aldrich, Milan, Italy). n-Alkanal 
standards (/i-hexanal, n-heptanal, and «-noaanaI; purity, more than 
95%) and 2,4-diiutrophenyIhydra2ane (purity, 97%) were purchased 
from Sigma-Aldricli. All these standards were used without further 
purification. 4-Hydroxynonenal (purity, more than 98%) and 4-hydroxy- 
hexenal (purity, 98%) dissolved in ethanol (5 mg/500 p.1) were obtained 
from Cayman Chemicals (Ann Arbor, Ml). High-performance liquid 
chromatography-grade water, methanol, and acetonitrile were from 
LabScan (Dublin, Ireland). Analytical-grade acetic acid and formic acid 
were from Fluka. 

Aldehyde measurements. MDA, a,(3-unsaturated aldehydes, and satu¬ 
rated aldehydes were detennined, after derivatization with 2,4-dinitro- 
phenylhydrazine, by liquid chroraatography-tandein mass spectrometry 
(API 365; PerkinEImer Sciex, Thornhill, Canada). Briefly, ionization 
of the analytes was obtained by atmospheric pressure chemical ioniza¬ 
tion in positive-ion mode for MDA; and in ncgative-ion mode Cor 
4-hydroxyiionenal and 4-hydroxyhexenal and saturated aldehydes. Dini- 
trophenylhydrazonc derivatives were separated on a Supelcosil C|s DB 
column (75 x 4.6 mm i.d., 3 fjtm; Supelco, Bellefonte, PA), using variable 
proportions of 20 mM aqueous acetic acid and methanol. 

Methodological Issues in the Standardization of 
Aldehyde EBC Analysis 

EBC was collected from a mixed group of smoking and nonsmoking 
subjects to verify a possible influence of methodological issues related 
to EBC collection (20) on aldehyde levels. Studies 1-5 were conducted 
with the abovc-dcscribed condensing device. 

Study I: Assessment of the influence of expiratory flows on EBC aide- 
hyde levels. EBC from six healthy subjects was collected at four con¬ 
stant expiratory flows (200,150,100, and 50 ml/second). Different expir¬ 
atory resistances were created with a restrictor set (Il l'F 5019X; Sievers 
Instruments, Boulder, CO) currently used for exhaled nitric oxide mea¬ 
surement at multiple exhaled flow rates (21). An ultrasonic flow sensor 
(ndd Medizintechnik, Zurich, Switzerland) was inserted between the 
mouth of the subject and the condenser. The flow meter was connected 
to a computer display provided with special software (Ecomedics, Duem- 
ten, Switzerland) for visual control of the expiratory flow. The ultrasonic 
flow meter is particularly well suited for this purpose, as the exhaled 
air is not trapped or filtered. 

Study 2: Influence of (he exhaled air volume, and of the amount of 
produced EBC on aldehyde levels. The volume of air exhaled during the 


e 

if 

■§ 


l.5a3 


i.aaa 


C}.5e : MDA 

I I . . . 

'Vr 

I 2 a 4 j S 
Time, min 


bexanat 

heptanai 

j. nooanal 



7 S 9 


10 n 


Figure J. Chromatogram of the different classes of aldehydes mea¬ 
sured in a sample of EBC: Malondialdehyde (MDA) = 16.3 nmol/L; 
fiexanal = 25.4 nmol/t^ heptanal = 17.1 nmol/L; nonanal = 20.2 
nmol/t; cps = counts per second. 


EBC maneuver was registered with a special volume counter (SpiroPro; 
Jaeger, Hoechberg, Germany). 

Study 3: Effect of EBC collection time on aldehyde levels. Ten sub¬ 
jects were asked to collect EBC in 10 minutes and in 20 minutes. 

Study 4: Day-to-day reproducibility. Eight subjects were asked to 
collect EBC on two different, usually subsequent, days. 

Study 5: Effect of acute smoking on EBC aldehyde levels. Seven 
smokers were asked to collect EBC before and immediately after having 
smoked one cigarette. 

Study 6: Comparison of two condensing devices on EBC aldehyde 
levels. EBC was collected Eom 10 subjects, using both the above-described 
tubing condenser and a commercially available condenser (EcoScreen; 
Jaeger) as described previously (22). Briefly, subjects were asked to 
breath tidally for 10 or 20 minutes without a nose clip in place, through 
a two-way nonrebreathing valve by which inspiratory and expiratory 
air arc separated, and saliva is trapped. 

Statistical Analysis 

Statistical analysis was performed with GraphPad Prism, version 3.0 
(GraphPad Software, San Diego, CA). Data were expressed as means ± 
standard error of the mean. Comparisons between three groups were 
evaluated by one-way analysis of variance followed by Mann-Whitney 
U test for comparison between two groups. Correlations between vari¬ 
ables were evaluated by Spearman test. A p value of less than 0.05 
indicated statistical significance. The Bland-Altman test (23) was used 
to evaluate the agreement between the methods of measurement and 
to evaluate the reproducibility. 

RESULTS 

EBC was collected without discomfort and none of the EBC 
samples showed detectable levels of a-amylase activity. A typical 
chromatogram of the aldehydes in EBC from a control subject 
is shown in Figure 1. 

Standardization of Aldehyde Collection and Analysis by EBC 
Study I: Assessment of the influence of expiratory flows on EBC 
aldehyde levels. The concentrations of MDA in EBC collected 
at flow rates of 200,150,100, and 50 ml/second were 19.5 ± 3.2, 
17,5 ± 1.2,17.4 ± 0.1, and 17.8 ± 1.6 nmol/L, respectively. No 
statistically significant differences were observed among MDA 
values obtained at the different flow rates and no correlation 
was found between exhaled flow rates and MDA levels. No 
influence of exlialed flows on saturated aldehyde levels was ob¬ 
served (data not shown). 

Study 2: Influence of the exhaled air volume, and of the amount 
of produced EBC on aldehyde levels. The mean values of exhaled 
air collected during the EBC maneuver in 10 and 20 minutes 
were 120.6 ± 38 and 224.1 ± 79.8 L, respectively, and no correla¬ 
tion was found with the relative aldehyde levels. The mean 
volume of EBC during 10 and 20 minutes of tidal breathing was 
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Figure 2. Day-to-day reproducibility of al¬ 
dehyde measurements. Data were obtained 
from nonsmoking volunteers and smokers 
on (A) MDA, (5) hexanal, (O heptanal, and 
(D) nonanal. 
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1.22 ± 0,1 and 2.1 ± 0.1 ml, respectively, and no correlation was 
found with the relative aldehyde concentrations. 

Study 3: Effect of EBC collection time on aldehyde levels. No 
differences were observed in aldehyde levels in EBC collected 
in 10 and 20 minutes: MDA, 16.4 ± 2.4 versus 17,1 ± 1.7 nmol/L; 
hexanal, 28.9 ± 2.8 versus 29.3 ± 2.6 nraol/L; heptanal, 15.9 ±. 
1.2 versus 18-0 ± 2.0 nmol/L; nonanal, 19.0 ± 1.8 versus 17.9 ± 
3.5 nmol/L. 

Study 4: Day-to-day reproducibility. The mean coefficient of 
variation was 8.2% for MDA, 12.9% for hexanal, 14.3% for 
heptanal, and 103% for nonanal. The reproducibility was con¬ 
firmed by the Bland-Altman test (Figure 2). 

Study 5: Effect of acute smoking on EBC aldehyde levels. No 
difference was observed in aldehyde levels before and after 
smoking one cigarette: MDA, 31.0 ± 5.2 versus 36.6 ± 8.8 nmol/L; 
hexanal, 62.9 ± 5.7 versus 68.6 ± 7.2 ntnol/L; heptanal, 32.5 5: 
2.8 versus 33.3 ± 1.4 nmol/L; nonanal, 14.4 ± 3.1 versus 16.0 ± 
2.4 nmol/L, respectively. 

Study 6: Comparison of the effect of two condensing devices 
on EBC aldehyde levels. The coefficient of correlation was r = 
0.9, p < 0.01 for MDA, r = 0.9, p < 0.01 for hexanal, r = 0.9, 
p < 0.01 for heptanal, r = 0.8, p < 0.05 for nonanal. The limit of 
agreement was confirmed by the Bland—Altman test (Figure 3). 

Aldehyde Levels in EBC 

MDA, hexanal, heptanal, and nonanal were detectable in the 
EBC of all subjects and their levels are shown in Table 1. Hydrox¬ 
yl ated aldehydes were measurable only in a few samples. 

MDA levels showed differences within groups (p < 0.0001). 
MDA was increased in the EBC of patients with COPD com¬ 
pared with smoking control subjects (jr = 0.0007) and nonsmok¬ 
ing control subjects (p < 0.0001). In smoking control subjects, 
MDA levels were increased compared with nonsmoking control 
subjects (p < 0.0001) (Figure 4). 

Hexanal showed differences within groups (p = 0.002). Hexa- 
nal was increased in the EBC of patients with COPD compared 
with nonsmoking control subjects (p = 0.004) but not compared 
with smoking control subjects (p = 0.1). In smoking control 
subjects, hexanal levels were increased compared with nonsmok¬ 
ing control subjects (p < 0.006). 

Heptanal showed differences within groups (p < 0.0001). 


Heptanal was increased in the EBC of patients with COPD 
compared with nonsmoking control subjects (p = 0.002) but not 
compared with smoking control subjects. In smoking control 
subjects, heptanal levels were increased compared with non¬ 
smoking control subjects (p == 0.002). 

Nonanal showed no differences within groups (p > 0.05). 

No difference in EBC aldehyde levels was observed between 
current and ex-smoking patients with COPD: MDA, 62.3 ± 4.7 
versus 54.2 ± 2.4 nmoI/L; hexanal, 58.7 ± 2.4 versus 66.3 ± 6,9 
nmol/L; heptanal, 32.3 ± 7.7 versus 23.1 ± 3.6 nmol/L; nonanal, 
19.1 ± 2,8 versus 21.1 ± 23 nmol/L, respectively. 

Cigarette consumption was slightly lower in smoking control 
subjects than in smoking patients with COPD, although the 
difference was not statistically significant (p = 0.07). No correla¬ 
tion was found between aldehyde levels and smoking history. 
The ex-smokers with COPD still had higher MDA levels than 
did smoking control subjects (p = 0.002). 

DISCUSSION 

In this study, we verified that different aldehydes can be mea¬ 
sured in EBC by liquid chromatography-tandem mass spectrom¬ 
etry and that analytical values are reproducible and unaffected 
by sampling procedures. MDA, hexanal, and heptanal, but not 
nonanal, were increased in patients with COPD in comparison to 
nonsmoking control subjects. Only MDA levels were increased 
in patients with COPD compared with smoking control subjects. 

Oxidative stress is increased in patients with COPD and ROS 
contribute to its pathophysiology (1, 2). Three major sources 
of ROS have been identified in COPD: (7) cigarette smoking, 
generating free radicals and quinones undergoing redox cycling 
(1); (2) neutrophil activation characterizing the inflammatory 
reaction (1); and (3) reoxygenation injury, which has also been 
associated with COPD (24). ROS have several deleterious effects 
in COPD, including activation of the transcription factor nuclear 
factor-KB, switching on of genes encoding proinflaminatory cyto¬ 
kines, such as tumor necrosis factor-a and interleukin-8. Oxida¬ 
tive damage to antiproteases such as ai-antitrypsin and the secre¬ 
tory leukoprotease inhibitor is another effect of oxidative stress 
enhancing proteolytic injury in COPD (25). 

Previous studies showed high levels of lipoperoxidation prod- 


PM3006723975 


Source: https://www.industrydocuments.ucsf.edu/docs/xtvj0001 




Corradt Rubinstein, AndreoK, et ai: Aldehydes in Exhaled Breath Condensate of COPD 


1383 


A 

meant ZSD 


_ — - —^ - — mean 

-- . — _ — _ —. _ — mean - 250 

10 1S 20 S 30 M 
Avorags iev^ <nmoM.) of MDA 

c 




• •—• mean + 2SD 


\ -— - mean 


~ mean > 2SD 


10.0 1^.5 15.0 17.5 20.0 22-5 25.0 Z7.5 
Average levels (nmoIA) o<heptanai 


mean + 2SD 


- -mean 


--mean-2SD 


20 30 40 80 

Averse levels (nmoLl.) ol hexanat 


0- 

-5 

• 10 - 

-15 

- 20 - 


^ n»3n + 2SD 


Average levels (nrroVL} of nonana! 


Ffgure 3. Comparison of the effect of two con¬ 
densing devices CTygon condenser versus Jae¬ 
ger condenser) on EBC aidehyde levels. Data 
were obtained from nonsmoking volunteers 
and smokers on (A) MDA, (B) hexonal, (C) hep- 
tonal, and (D) nonanal. 


ucts in blood and lungs of smokers and patients with COPD 
(26-28). Exhaled gases, such as nitric oxide and carbon monox¬ 
ide, have been proposed as noninvasive markers of inflammation 
and oxidative stress. Exhaled nitric oxide is increased in asthma 
(5) and in COPD during exacerbations (29), whereas conflicting 
results have been reported for patients with clinically stable 
COPD (30). This could derive from the fact that airway nitric 
oxide is consumed by its reaction with ROS, yielding the power¬ 
ful oxidant peroxynitrite, which is involved in the pathophysiol¬ 
ogy of COPD (31). High levels of carbon monoxide can be mea¬ 
sured in exhaled air of patients with COPD (32). However, 
carbon monoxide is also markedly increased by cigarette smok¬ 
ing. Oxidative stress In smokers and in patients with COPD is also 
indicated by markers of lipoperoxidation. Ethane and pentane 
are increased in exhaled air of smokers and patients wjtli COPD 
as volatile breakdown products of polyunsaturated fatty acids 
(33,34). High levels of 8-isoprostane, a prostaglandin-F 2 c isomer 
that is formed in vivo by peroxidation of arachidonic acid, have 
also been reported in EBC from patients with COPD (8). 

In the present study, we measured aldehydes as biomarkers of 
the attack of ROS on unsaturated lipids in membranes. Aldehyde 
generation aggravates the effects of ROS and underlying changes 


in cells and tissues associated with oxidative stress (35). MDA 
and saturated aldehydes, but not nonanal, were increased in 
EBC from patients with COPD as compared with nonsmoking 
control subjects and in EBC from smoking as compared with 
nonsmoking control subjects. No differences were observed be¬ 
tween smoking and ex-smoking patients with COPD as to EBC 
aldehyde concentrations, although current smokers exhibited a 
tendency toward higher levels. This fits nicely with the observa¬ 
tion of Nowak and coworkers (14), who showed slightly higher 
thiobarbituric acid-reactive substances in EBC from still-smok¬ 
ing patients with COPD than in ex-smokers. Thus, smoking 
cessation per se does not eliminate the oxidative stress associated 
with COPD, and aldehyde levels in EBC can be used to monitor 
subsequent damage to cell membranes. 

The fact that only MDA distinguished patients with COPD 
from smoking control subjects is consistent with the results of 
Montuschi and coworkers (8), who showed a gradient of 8-iso- 
prostane concentrations in EBC from patients with COPD to 
smoking subjects and nonsmoking control subjects, respectively. 
Our data are also in agreement with those of Rahman and co- 
workers (36), who measured higher levels of aldehyde adducts 
in lung epithelial cells of subjects with COPD compared with 


TABLE 1. ALDEHYDES IN EXHALED BREATH CONDENSATE FROM NONSMOKING CONTROL 
SUBJECTS, SMOKING CONTROL SUBJECTS, AND PATIENTS WITH CHRONIC OBSTRUCTIVE 
PULMONARY DISEASE 



LOD 

{nmol/ty 


Aldehyde Concentration, nmoi/L 


Nonsmoking 
Control Subjects 

Smoking 

Control Subjects 
(n- JZ> 

Patients 
with COPD 
in = 20) 

Malondlaldehyde 

1,07 

12,1 T 1.8 

35.6 ± 4.0* 

57.2 ± Z-4'^ 

Hexanal 

1.07 

17.7 ± 5.0 

64.9 ± 3.3* 

63.S + 4.4* 

Heptanal 

0.34 

14.2 ± 3,5 

29.6 ± 2.3* 

26.6 ± 3.9* 

Nonanal 

0.31 

18.7 ± 0.9 

14.8 ± 2.4 

20.4 ± 1.8 


Definition of abbreviations: COPD = chronic obstrucUve pulmonary disease; LOD = limit of detection (nmol/L). 
Data are expressed as mean concentrations ± SEM. 

*p < 0.05, versus nonsmoiung control subjects- 
t p < 0.05, versus smoking control subjects. 
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Figure 4. Comparison of malondlaldehyde levels In exhaled breath con¬ 
densate from nonsmoking control subjects, smoking control subjects, 
and patients with stable, moderate to severe COPD. 


smokers without COPD. On the other hand, Maestrelli and 
coworkers (37) found that lung tissue expression of heme oxy¬ 
genase, an enzyme whose induction protects from oxidant-medi¬ 
ated cellular injury, is increased in the lungs of smokers, but 
does not distinguish healthy smokers from patients with COPD. 
From our results, oxidative stress seems to be more pronounced 
in smokers and ex-smokers who developed COPD compared 
with smokers who did not. In particular, there could be a thresh¬ 
old for MDA levels separating membrane damage resulting from 
oxidative damage due to smoking alone, from that caused by 
biochemical reactions associated with tissue changes in COPD. 

Nonanal levels in COPD were not different from those of 
nonsmoking control subjects, nor were they increased in smoking 
compared with nonsmoking control subjects. The patterns of 
aldehyde subtypes from different groups did not overlap. Possi¬ 
ble explanations may include differences in lipid composition of 
epithelial lining fluid (38), variability in scavenging capacity (39), 
complexity of target inflammatory/constitutive cells (40), vari¬ 
able effects of ROS on macromolecular targets at the cell and 
membrane levels (15), and increased epithelial permeability to 
plasma proteins forming adducts with aldehydes (41). Experi¬ 
ments aimed at characterizing the aldehyde patterns generated 
by different challenges to various ccU lines in vitro are being 
conducted. 

In all groups, a,p-unsaturated aldehydes were detectable only 
in a few EBC samples. These aldehydes are highly reactive and 
are either scavenged rapidly by thiol groups (15) or form alde¬ 
hyde adducts with cell macromolecules. The former mechanism 
is thought to give rise to specific adducts that, at least in part, 
could be released and quantified in EBC; suitable methods of 
analysis are being developed in our laboratory for this purpose. 
The latter possibility is supported by a study by Rahman and 
coworkers (36) showing increased levels of 4-hydroxy-2-nonenal 
adducts in lung epithelial and endothelial cells as well as in 
neutrophils in COPD. 

Although cigarette consumption was slightly lower in smok¬ 
ing control subjects than in smoking patients with COPD, smok¬ 
ing history does not explain the difference in aldehyde levels, 
as no correlation was found between aldehyde levels and pack- 
years. Moreover, COPD ex-smokers who had stopped smoking 
for at least 1 year still had MDA levels higher than those of 
smoking control subjects, thus suggesting that mechanisms other 
than smoking underlie the marked lipoperoxidation associated 
with the disease. Smoking control subjects and patients with 
COPD were not age matched (p = 0.005), although we are con¬ 
fident that age cannot affect aldehyde expression as EBC alde¬ 
hyde levels did not correlate with age, in agreement with Framp- 


ton and coworkers (42) and Montuschi and coworkers (8), who 
were also unable to find any correlation between lipid peroxides 
and age. 

In our study, we found no statistically significant correlation 
between EBC aldehyde levels and spirometric values, such a 
lack of correlation being in line with previous reports (9, 43). 
This could be related to the fact that spirometric values (FEVi 
and FVe^ are measures of the caliber of the central (large) 
airways, whereas EBC may preferentially sample small airways 
during the popping open of closed respiratory bronchioles (11), 
where most of the COPD pathology takes place (44). However, 
this is just an hypothesis and we acknowledge that, at the current 
stage of research, there is no way to identify the anatomic sites 
from which EBC samples are taken. Further studies addressing 
this issue, as well as studies dealing with the mechanism of 
formation of EBC, are necessary. At this stage we are not propos¬ 
ing EBC as a screening tool for patients with moderate/severe 
COPD. The utility of EBC as a screening tool for oxidative 
stress and tissue injury in COPD should be addressed in future 
studies using asymptomatic smokers and patients with mild 
COPD that will be monitored for an extended period of time. 

The levels of MDA we observed are similar to those reported 
by Larstad and coworkers (45) in the EBC of subjects with 
asthma. MDA and saturated aldehydes were present in the same 
order of magnitude as in bronchoalveolar lavage (42) and in¬ 
duced sputum (our unpublished observation). Compared with 
the latter, EBC has the great advantage that it is simple to collect, 
totally noninvasive, and based on portable devices, and therefore 
it has the potential to be applicable in outpatient settings or 
even at home. 

In the present study, we addressed methodological issues, to 
clarify their possible influence on EBC aldehyde measurements. 
The concentration of aldehydes was not related to sampling time 
and hence to the total volume of EBC, thus suggesting a constant 
production rate over variable sampling periods. Aldehyde levels 
in EBC showed acceptable day-to-day variations and were not 
influenced by the sampling device. 

How EBC is generated and where it is sampled from are still 
a matter for speculation. One hypothesis is that airway opening 
dynamics and turbulence in the airways churn up droplets con¬ 
taining substances from the airway lining fluid. If so, a positive 
correlation between solute concentrations and exhaled flows 
could be expected. Our data showed a trend toward increased 
MDA levels at 200 mFsecond (19.5 mmol/L) versus the other 
three flows tested (MDA range, 17.4—17.8 mmol/L), although 
the difference was not statistically significant, nor were we able 
to find any correlation between exhaled flows and EBC aldehyde 
levels. This observation is in fine with that reported by Montuschi 
and coworkers (46), who did not find a correlation between EBC 
8-isoprostane and exhaled flow rates, and with the studies of 
Carpenter and coworkers (47) and of Reinhold and coworkers 
(48), who showed that the volume of EBC is dependent on the 
ventilation volume per unit time, but this does not affect the 
EBC concentration of mediators. A possible explanation for 
the lack of correlation is that an increase in exhaled velocity can 
result in enhanced aerosoiization of particles during forced exha¬ 
lations (49). However, this was not the case in our study, as the 
volunteers were asked to breathe not forcedly, although at differ¬ 
ent expired flows. Furthermore, the observed variable changes 
in biomarkers argue against EBC analysis representing the in¬ 
crease in the number of aerosolized droplets recovered in the 
EBC. On the other hand, Schleiss and coworkers (50) reported 
a negative correlation between EBC hydrogen peroxide levels 
and exhaled flows. 

In conclusion, in the present study we identified different 
classes of aldehydes in EBC, using liquid chromatography-tandem 
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mass spectrometry, and we verified that aldehyde measurements 
are unaffected by EBC sampling procedures. MDA, hexanal, 
and heptanal are increased in the EBC of patients with COPD in 
comparison witli nonsmoking control subjects. EBC is a simple, 
noninvasive, and easily repeatable procedure for the evaluation 
of oxidative stress in airway diseases. The possibility of using 
a reference analytical technique for measuring biomarkers of 
oxidative stress in EBC could open the way to using these bio¬ 
markers to assess oxidative stress status in clinical practice and 
to predict the usefulness of antioxidant drugs. 

Acknowfedgment: The authors thank Srijesh Kumar and Olga Acampa for assis¬ 
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Figure 3. Comparison of the effect of two con¬ 
densing devices CTygon condenser versus Jae¬ 
ger condenser) on EBC aldehyde levels. Data 
were obtained from nonsmoking volunteers 
and smokers on (A) MDA, (fi) hexanal, (C) hep- 
tanal, and (D) nonanal. 


ucts in blood and lungs of smokers and patients with COPD 
(26-28). Exhaled gases, such as nitric oxide and carbon monox¬ 
ide, have been proposed as noninvasive markers oC inflammation 
and oxidative stress. Exhaled nitric oxide is increased in asthma 
(5) and in COPD during exacerbations (29), whereas conflicting 
results have been reported for patients with clinically stable 
COPD (30). This could derive from the fact that airway nitric 
oxide is consumed by its reaction with ROS, yielding the power¬ 
ful oxidant peroxynitrite, which is involved in the pathophysiol¬ 
ogy of COPD (31). High levels of carbon monoxide can be mea¬ 
sured in exhaled air of patients with COPD (32). However, 
carbon monoxide is also markedly increased by cigarette smok¬ 
ing. Oxidative stress in smokers and in patients with COPD is also 
indicated by markers of lipoperoxidation. Ethane and pentane 
are increased in exhaled air of smokers and patients with COPD 
as volatile breakdown products of polyunsaturated fatty acids 
(33,34). High levels of 8-isoprostane, a prostaglandin-F 2 a isomer 
that is formed in vivo by peroxidation of arachidonic acid, have 
also been reported in EBC from patients with COPD (8). 

In the present study, we measured aldehydes as biomarkers of 
the attack of ROS on unsaturated lipids in membranes. Aldehyde 
generation aggravates the effects of ROS and underlying changes 


in cells and tissues associated with oxidative stress (35). MDA 
and saturated aldehydes, but not nonanal, were increased in 
EBC from patients with COPD as compared with nonsmoking 
control subjects and in EBC from smoking as compared with 
nonsmoking control subjects. No differences were observed be¬ 
tween smoking and ex-smofcing patients with COPD as to EBC 
aldehyde concentrations, although current smokers exhibited a 
tendency toward higher levels. This fits nicely with the observa¬ 
tion of Nowak and coworkers (14), who showed slightly higher 
thiobarbituric acid-reactive substances in EBC from still-smok¬ 
ing patients with COPD than in ex-smokers. Thus, smoking 
cessation per se does not eliminate the oxidative stress associated 
with COPD, and aldehyde levels in EBC can be used to monitor 
subsequent damage to cell membranes. 

The fact that only MDA distinguished patients with COPD 
from smoking control subjects is consistent with the results of 
Montuschi and coworkers (8), who showed a gradient of 8-iso- 
prostane concentrations in EBC from patients with COPD to 
smoking subjects and nonsmoking control subjects, respectively. 
Our data are also in agreement with those of Rahman and co- 
workers (36), who measured higher levels of aldehyde adducts 
in lung epithelial cells of subjects with COPD compared with 


TABLE 1. ALDEHYDES IN EXHALED BREATH CONDENSATE FROM NONSMOKING CONTROL 
SUBJECTS, SMOKING CONTROL SUBJECTS, AND PATIENTS WITH CHRONIC OBSTRUCTIVE 
PULMONARY DISEASE 



LOD 

(nmol/L) 

Aldehyde Concentration, nmol/L 


Nonsmoking 

Control Subjects 
(0-20) 

Smoking 

Control Subjects 
(n= 12) 

Patients 
with COPD 
(n = 2(l) 

Malondlaldehyde 

1,07 

12.1 i 1.8 

35.6 i 4.0* 

57.2 it Z4*i 

Hexanal 

1.07 

17.7 ±S.O 

64.9 ± 3.3* 

63.S ± 4.4* 

Heptanal 

0.34 

14.2 ± 3.5 

29.6 ± 2.3* 

26.6 ± 3.9* 

Nonanal 

0.31 

18.7 ± 0-9 

14.8 + 2,4 

20.4 + 1.8 


Definition of abbreviations: COPD = chronic obstructive pulmonary disease; LOD = limit of detection (nmol/L). 
Data are expressed as mean concentrations ± 5EM. 

' p < 0.D5, versus nonsmoking control subjects. 

' p < 0.05, versus smoking control subjects. 
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